Reading Braille activates visual cortex in blind people [Burton et al., J Neurophysiol 2002;87: 589 -611; Sadato et al., Nature 1996;380:526 -528; Sadato et al., Brain 1998;121:1213-1229. Because learning Braille requires extensive training, we had sighted and blind people read raised block capital letters to determine whether all groups engage visual cortex similarly when reading by touch. Letters were passively rubbed across the right index finger at 30 mm/s using an MR-compatible drum stimulator. Age-matched sighted, early blind (lost sight 0 -5 years), and late blind (lost sight Ͼ5.5 years) volunteers performed three tasks: stating an identified letter, stating a verb containing an identified letter, and feeling a moving smooth surface. Responses were voiced immediately after the drum stopped moving across the fingertip. All groups showed increased activity in visual areas V1 and V2 during both letter identification tasks. Blind compared to sighted participants showed greater activation increases predominantly in the parafoveal-peripheral portions of visuotopic areas and posterior parts of BA 20 and 37. Sighted participants showed suppressed activity in most of the same areas except for small positive responses bilaterally in V1, left V5/MTϩ, and bilaterally in BA 37/20. Blind individuals showed suppression of the language areas in the frontal cortex, while sighted individuals showed slight positive responses. Early blind showed a more extensive distribution of activity in superior temporal sulcal multisensory areas. These results show cross-modal reorganization of visual cortex and altered response dynamics in nonvisual areas that plausibly reflect mechanisms for adaptive plasticity in blindness.
INTRODUCTION
Imaging studies (PET and functional MRI) have shown that a range of tasks activate visual cortex in blind people [Aleman et al., 2001; Amedi et al., 2003; Arno et al., 2001; Bü chel et al., 1998; Burton et al., 2002a Burton et al., ,b, 2003 Burton et al., , 2004 Gizewski et al., 2003; Gougoux et al., 2005; Kujala et al., 2005; Lambert et al., 2004; Rö der et al., 2001 Rö der et al., , 2002 Sadato et al., 1996 Sadato et al., , 1998 Sadato et al., , 2002 Vanlierde et al., 2003; Zatorre, 2001] . Unfortunately, there has been little evidence of domain selective functional specificity aside from the observation that linguistic tasks preferentially activated left visual areas in blind people. The principle of parsimony would suggest that cross-modal reorganization ought to be contingent on existing visual cortex architecture. Consistent with this notion are developmental findings in monkeys that showed little structural alteration in the gray matter of area 17 following binocular enucleations that were placed after the gestational stage for cortical cell proliferation and migration [Rakic, 1988] . Most congenitally blind people have no sight due to late gestational events like retinopathy of prematurity. Consequently, we hypothesized that most early blind individu-als have a genetically predetermined visual cortex architecture that at birth resembles the organization in sighted people. Adventitiously blind individuals have visual deprivation imposed on normal visual cortex architecture.
Given the idea that reorganized visual cortex in blind people probably reflects normal visual cortex cytoarchitecture, an overriding issue is to determine what functional properties persist. An important characteristic of visual cortex in sighted people is domain specialization wherein unique functional activity has been found in anatomically identifiable regions [Grill-Spector and Malach, 2004] . Domain specializations dedicated to visual features like color or disparity are unlikely to function similarly in blindness. A more probable hypothesis, however, is that the functional specialization described for object-selective regions in dorsal occipito-temporal (DOT) and ventral occipito-temporal (VOT) cortex persists in blind people. In sighted people distinct partitions in DOT and VOT are selectively activated when processing visual information from different kinds of objects. A useful characteristic of the different object domains is their relationship to eccentricity band representations readily demonstrated in highly visuotopic lower tier visual areas [Hasson et al., , 2003 ]. Thus, regions preferentially activated when viewing faces or letters associate with foveal eccentricities; cortex activated by objects relate to parafoveal eccentricities; and cortex selectively engaged when viewing items on buildings or in scenes link to peripheral eccentricities [Hasson et al., , 2003 ]. The question is whether the global nature of object selective domain specialization is applicable to adaptive visual cortex reorganization in blindness. In the present study we sought to assess this notion by examining the distribution of activated regions during a tactile discrimination task and by relating these regions in blind people to anatomical correlates of object selective regions previously defined in sighted people.
We utilized a tactile-based language task to determine whether selective lower and higher tier visual areas were activated in sighted and blind people. Prior studies [Bü chel et al., 1998; Burton et al., 2002a; Melzer et al., 2001; Sadato et al., 1996 Sadato et al., , 1998 ] showed extensive engagement of visual areas with tactile reading in blind people. In higher tier visual areas we especially assessed whether the domains activated in occipitotemporal cortex were confined to specific components of object selective functional regions previously studied in sighted people when they viewed visual images of objects compared to textures [Hasson et al., , 2003 Kanwisher et al., 1997; Levy et al., 2001 Levy et al., , 2004 Malach et al., 1995 Malach et al., , 2002 Yovel and Kanwisher, 2004] . Based on prior studies that have described different activation patterns in lower and higher tier visual areas in early-and late-onset blind Braille readers [Bü chel et al., 1998; Burton et al., 2002a; Melzer et al., 2001; Sadato et al., 1996 Sadato et al., , 1998 ], we expected similar differences between blind groups in the present study across all visual areas.
Assessing the effects of tactile reading by training sighted people to read Braille is prohibitive [Loomis, 1981; Uhl et al., 1991] . However, block capital letters can be readily identified through touch [Loomis, 1981; Vega-Bermudez et al., 1991] and performance accuracy is not affected when the letters are passively rubbed across a fingertip [Vega-Bermudez et al., 1991] . Thus, in the present study raised letters were applied passively to all participants, which eliminated probable confounds from the considerable tactile scanning skills blind people must acquire when learning Braille [Millar, 1997] .
SUBJECTS AND METHODS

Participants
Nine individuals (four female) categorized as early blind (EB) had no sight at birth or lost sight before learning to read print (blindness onset: before ϳ5 years). Nine individuals (six female) categorized as late blind (LB) lost sight after learning to read print (blindness onset: 5.5-41 years). Ten normally sighted (NS) individuals (three female) matched the two groups of blind people by age. All participants provided informed consent following guidelines approved by the Human Studies Committee of Washington University. Table I presents demographic characteristics of all participants and lists identification numbers, which were retained for blind people who had participated in previous studies [Burton et al., 2002a [Burton et al., ,b, 2003 [Burton et al., , 2004 . Except for ophthalmologic causes of blindness (Table I) , all participants were free from neurological disease and had normal brain anatomy as assessed from structural images by an experienced neuroanatomist. All blind participants were Braille literate with reading speeds between 10 -182 wpm ( Table I ) and stated that they were familiar with block capital letters. Four EB and six LB participants self-reported light sensitivity, but none could read print or navigate without aid. Responses to a modified Edinburgh handedness inventory indicated that right-handedness predominated across groups [Raczkowski et al., 1974] . However, four blind participants read Braille exclusively with their left hands (2 EB, 2 LB), three read with their right (1 EB, 2 LB), and the remainder used both hands (Table I) .
Experimental Setup
During scanning embossed capital letters were passively rubbed against the right index fingertip from the proximal to distal end using a rotating drum device (Fig. 1) , which was constructed with two fiberglass wheels and a connecting belt (Fig. 1A) . A finger/hand rest (Fig. 1B) aligned the finger over a selected track on the belt. The 330-cm belt consisted of a flexible photopolymer printing material that was embossed with block capital letters (A, I, J, L, O, T, U, and W) using a commercial photo etching process (B.W. Johnson, Joplin, MO). Letters (Arial font) were 8 mm high, variable width respective to the letter (e.g., W is wider than U), and were raised ϳ0.8 mm. These letters were selected because they are least confusable [Vega-Bermudez et al., 1991] . There were five tracks, each containing a different random sequence of 19 letter strings. Letter strings were 13.5 cm long and contained six identical letters.
Prior to scanning, letter strings identical to those described above were used to familiarize participants with the stimuli. Participants stated the letter they felt after they actively rubbed their right index finger down each string of six letters. Participants were immediately told what the letter was if the answer was incorrect. Letter strings were randomly presented until all letters were correctly identified. Additional letter strings were then presented passively, until all letters were identified correctly, to simulate the actual stimuli in the scanner. Participants did not see the letters/letter strings until after all scanning sessions.
Rotation was driven by a stepping motor attached to the wheel located at the end of the scanner bed. An optical encoder (Computer Optical Products, Chatsworth, CA, Model CP-250-1024-8mm) on the drive motor axle transmitted position information. Shielded cables connected power to the motor and transducer signals to an interface circuit through a grounded filter-plate that separates the scanner room from an adjacent control room. On-off cycles of drum rotation were synchronized to image acquisition cycles using scanner pulses at the beginning of TR intervals. MRI experiments with phantoms demonstrated that the drum device did not introduce noise into structural or functional images.
A letter event involved translating a letter string under the finger at 30 mm/s and then having participants overtly respond during a pause in rotation. Stimulation and responses lasted ϳ7.5 s (3 frames). Letter string events were presented using an event-related, jittered design that was based on a truncated negative exponential distribution of intervals. Event-to-event onset ranged from 15-27.5 s (6 -11 frames). Each session lasted 154 frames (ϳ6.4 min) and included 2 frames that were discarded for magnetization equilibrium, 5 initial and 5 end frames for baseline measurements, and 19 events of 8 frames each. Participants stated the identified letter in scanning sessions 2 and 3 (OL task) and stated a verb that contained the identified letter in scanning sessions 4 and 5 (OW task). There was no advance warning for the word task except for instructions just prior to scanning, which prevented possible rehearsal of words during the letter identification task. Participants were instructed to identify a verb that contained the letter in any location in the word and to say a different verb for each letter string. The first and last scanning sessions were controls when participants felt only a moving smooth surface that was rotated with the same timing of rotations and jittered pauses used during letter string events (BL task). We instructed participants to keep their fingers in contact with the drum surface during control imaging sessions; they were also told that no discriminations were required during these scans. The two sessions per task resulted in 38 events per event-type for each participant. Verbal responses were digitally recorded using commercial software (Sony, SoundForge) and an MR compatible microphone (RTI, Northridge, CA). We used an adaptive spectral subtraction algorithm, optimized for each subject to remove MR gradient noise [Nelles et al., 2003] . The processed signal contained clear verbal responses and allowed extraction of reaction times (Table I , RT letters and RT
Figure 1.
The rotating drum device used to passively translate embossed capital letters against the right index fingertip from proximal to distal. The device was constructed using two fiberglass wheels and a connecting belt (A) that consists of a flexible photopolymer printing material embossed with five tracks of block capital letters using a commercial photo etching process (B.W. Johnson, Joplin, MO). An adjustable finger/hand rest (B) aligned the fingertip over a selected track for each imaging run. Images are multiple-comparison corrected cross-correlation z-score maps (minimum z ϭ 4, two face-connected voxels) overlaid onto atlas transformed [Talairach and Tournoux, 1988] structural anatomy for each individual. Labels cross-reference to demographic characteristics listed in Table I (early blind, EB; late blind, LB; and sighted, NS). words) based on the peak of the response for all letter and word trials and relative to the end of rotation of each letter string. Percentage correct responses and reaction time data were obtained only from some participants (see Table I ) because of occasional technical problems.
All participants were blindfolded and instructed to close their eyes during functional imaging sessions. Lights were turned on between scans and all participants were instructed to open their eyes. Sighted participants reported detecting light at the edges of their blindfolds during these between-scan intervals.
MRI Acquisition and Reconstruction
We acquired images with a Siemens (Erlangen, Germany) 3 T Allegra scanner and a standard birdcage headcoil within which the head was immobilized by a vacuum pillow. Structural images were acquired using a T 1 -weighted sagittal magnetization-prepared rapid acquisition gradient echo (MP-RAGE) (repetition time (TR) ϭ 2,100 msec; echo time (TE) ϭ 3.93 msec; flip angle ϭ 7°; inversion time (TI) ϭ 1,000 msec; 1 ϫ 1 ϫ 1.25 mm). Functional images were collected using a Siemens single-shot, gradient echo echo-planer imaging (EPI) sequence optimized for blood oxygen leveldependent (BOLD) contrast (T 2 *) (TR ϭ 2,500 msec; TE ϭ 30 msec; flip angle ϭ 90°). Functional images were acquired with 32 contiguous 4-mm slices parallel to the AC-PC plane, with an in-plane resolution of 4 ϫ 4 mm, and were automatically prescribed based on computed registration of a coarse sagittal MP-RAGE T 1 -weighted sequence (TR ϭ 722 msec; TE ϭ 3.93 msec; flip angle ϭ 8°; TI ϭ 380 msec; 2 ϫ 2 ϫ 2 mm) to an atlas representative target image [Mugler and Brookeman, 1990] . Additionally, structural T 2 -weighted (T2W) spin echo (SE) images (TR ϭ 8,430 msec; TE ϭ 98 msec; 1.33 ϫ 1.33 ϫ 3 mm) were acquired in the same plane as the EPI images to facilitate alignment of the functional images to atlas space [Talairach and Tournoux, 1988] .
Functional data passed through several unsupervised steps to compensate for asynchronous slice acquisition, remove systematic odd vs. even slice intensity differences due to imperfect slice excitation profiles that result from contiguous, interleaved slice acquisition, and to realign within and across runs using difference image variance minimization to compensate for head movements [Friston et al., 1995a; Snyder, 1996] . Compensation was achieved through a single resampling of functional volumes using fast 3D cubic spline interpolation, which produced results very similar to those obtained by sinc interpolation [Hajnal et al., 1995] .
Our atlas representative target conforms to the Talairach system [Talairach and Tournoux, 1988] as defined by the SN procedure [Lancaster et al., 1995] . The target template was produced by mutual coregistration (12 parameter affine warp) of MP-RAGE images from 12 normal, young adults. Atlas transformation of functional (EPI) data was achieved by computing a sequence of affine transforms as follows: EPI 3 T2W 3 MP-RAGE 3 atlas representative target. T2W is a conventional T 2 -weighted image, the inclusion of which minimized systematic EPI 3 MP-RAGE registration errors caused by EPI distortion and susceptibility artifacts [Ojemann et al., 1997] . Slice plane stretch in addition to rigid body motion (6 parameters) partially compensated for EPI distortion and accomplished cross-modal registration using an in-house variant of the method of Andersson et al. [1995] . This procedure required no editing of extracranial structures and performed with precision comparable to or better than AIR [Woods et al., 1993] . Algebraic composition of transforms (matrix multiplication) generated the functional EPI3 atlas transform. Reslicing the functional data (or any intermediate image) in register with the atlas then involved only one interpolation. All statistical analyses were conducted in an atlas space of 2 mm 3 and after spatial smoothing (4 mm FWHM).
Statistical Analyses
We examined results from individuals and groups. A voxel-wise general linear model (GLM) [Miezin et al., 2000; Ollinger et al., 2001a,b] was used to estimate the BOLD responses for each event-type (OL, OW, or BL) and for each participant without assuming a hemodynamic response function [Dale and Buckner, 1997; Miezin et al., 2000; Ollinger et al., 2001a,b] . The model included terms per imaging session for an intercept (baseline), linear trend, and temporal high-pass filter (0.014 Hz). Responses were estimated over a 20-s interval (8 frames) beginning at event onset; thus, our model included eight terms for each eventtype representing each frame of the response. Estimated event-type time courses are relative to the estimated baseline. Next, we computed z-statistic maps for each event-type per participant. For this analysis we cross-correlated the estimated BOLD responses per voxel with an assumed hemodynamic response function (HRF), which was a delayed gamma function (2-s delay) [Boynton et al., 1996] convolved with the stimulus duration (3 frames, 0 -7.5 s). Residuals from this fit were used to obtain t-statistics per voxel [Friston et al., 1995b; Zarahn et al., 1997] . We converted t-statistic maps for each individual to equally probable z-scores that were thresholded on the basis of Monte Carlo simulations [Forman et al., 1995] at a multiple-comparisons corrected false-detection rate of P ϭ 0.05 (z ϭ 4 over at least six contiguous, face-connected voxels). Inspection of these maps established the pattern of activity in individual participants (e.g., Fig. 3 ).
Group differences in BOLD responses were assessed using a repeated measures, mixed effects ANOVA, treating participants as a random factor and time (8 frames), eventtype (OL, OW, and BL), and group (EB, LB, and NS) as fixed factors. The ANOVA computed main effects of time, eventtype, group, and the associated interactions. The dependent variable of percent MR signal change per voxel was calculated using estimates from the GLM obtained from each participant. F-ratios for each factor in the ANOVA models were converted to z-scores whose degrees of freedom were adjusted for covariance (sphericity correction) and thresholded on the basis of Monte-Carlo simulations at P ϭ 0.05 (z ϭ 3 over at least 45 contiguous, face-connected voxels) (in simulations on random noise patterns similar to the method described by Forman et al. [1995] ).
Statistical maps based on the time-by-group interaction factor identified voxels in which response profiles differed between groups. These maps were projected onto a population-average, landmark, and surface-based atlas (PALS) [Van Essen, 2005 ] to facilitate evaluation of cortical differences between groups. Functional data were projected by assigning voxel-based z-score values to the associated surface nodes in 12 normal individuals. The average of each node was displayed on PALS. The PALS atlas includes boundary definitions for Brodmann areas and visuotopic and nonvisuotopic visual areas and eccentricity bands within lower tier visual areas.
Regional analysis increases the statistical power of selected contrasts beyond that obtained with voxel-based methods by reducing the multicomparison correction applied to significance thresholds. Regions of interest (ROIs) were objectively defined using two steps. First, the z-score maps from the ANOVA were subdivided into volumebased reconstructions representing each visuotopic area or selected Brodmann area (BA) in the PALS atlas. Visuotopic area volumes and BA volumes were defined by projecting the surface representation to volume space assuming 3-mm thick cortex [Van Essen, 2005] . The ANOVA statistical maps retained within each specified volume were submitted to a peak localization algorithm. Peaks closer than a specified radius were consolidated, based on a center-of-mass calculation, and spheres drawn around each remaining peak such that no voxels were excluded from the analysis and enough voxels were included to account for individual anatomical variation.
1 Through a second conjunction the domains of the resulting spheres were constrained to conform to the anatomy of the PALS volumes. This served to confine objectively defined voxels to those located wholly within a specified visual area or BA. For regions in the occipital or frontal cortex, multiple spheres were collapsed within each anatomical volume to create a single ROI. In BA 22 several regions were identified. Our peak search algorithm also identified the peak Talairach atlas coordinates [Talairach and Tournoux, 1988] within each anatomical volume (Tables II/III) , based on a center-of-mass calculation (as described above).
Participant time courses were extracted for each ROI; the time course values were DC shift corrected for each eventtype, for each participant, and for each ROI. Group averages and SEM were plotted per event-type in each ROI (Figs. 5, 6 ). Response time courses differed in shape and magnitude for different groups and event-types. As a consequence, group and event-type differences were assessed with multivariate F-tests in which MR percent signal change from time course intervals were entered as dependent variables into a repeated measures region-wise MANOVA (PROC GLM, Statistical Analysis Software v. 9.1, SAS Institute, Cary, NC). The MANOVA makes no assumptions about the shape of the BOLD response. To obtain repeated measures of time courses, the GLM procedures described above were used to estimate BOLD responses separately for each session, thereby providing two measures per participant for each event-type (OL, OW, or BL). Participant time courses were extracted for each ROI and DC shift-corrected for each event-type and session. A repeated measures region-wise MANOVA was run for each pairing of groups per eventtype (i.e., EB-OL vs. LB-OL), and OL vs. OW per group. The probability of the exact F-statistic from Wilks' Lambda was used for decisions of significant differences between groups and event-types (P Ͻ 0.05).
RESULTS
Task Performance
Accuracy in identifying the letters was similar across all groups and averaged Ͼ85% (Fig. 2A, Table I ). RTs differed between groups only for the OL, but not the OW task (Fig. 2B ). These differences were due to significantly faster RTs in EB to the OL task. RTs were slower for the OW task and differed significantly from RTs for the OL task in EB and NS groups.
Occipital Visual Areas
Pericalcarine sulcal cortex, V1
Positive BOLD responses were noted bilaterally in the posterior pole of the occipital cortex (Talairach coordinate: Y Ͻ -87) for the majority of sighted (9/10) and blind (7/9 EB, 8/9 LB) participants. As shown in Figure 3 , activation increases occupied pericalcarine, adjacent cuneus, and lingual gyral cortex. The identified cortex has been defined as visual areas V1 and V2 in sighted people. No group differences were found in the posterior parts of V1/V2 (Fig. 4A,J) . Further anterior, however, the ANOVA results showed significant group differences from pericalcarine and immediately adjacent cortex that involved left V1 dorsal (Fig. 4C, Y ϭ -85 ), left V2 dorsal (Fig. 4B , Y ϭ -89), and right V1 dorsal and ventral (Fig. 4D , Y ϭ -79) (Table II) . This portion of V1 and V2 normally corresponds to the parafoveal eccentricities (4 -12°) (Fig. 4K ) . Bilaterally in this more anterior part of V1d, EB and LB had time courses that differed significantly from those in NS during OL and OW tasks (Table  II) . The MANOVA indicated similar results for V2d (Table  II) . For V1d, Figure 5 illustrates that these differences 1 The specified distance between peaks and sphere radius varied from lobe to lobe. Occipital cortex had a specified distance of 6 mm and a sphere with a radius of 10 mm. Frontal cortex had a specified distance of 7 mm and sphere with a radius of 12 mm. Temporal cortex had a specified distance of 10 mm and sphere with a radius of 10 mm. Different parameters were used to optimize region definitions. Overlapping spheres were divided at the plane midway between the peaks.Contract grant sponsor: National Institutes of Health (NIH); Contract grant number: NS37237.
arose from greater positive BOLD responses during the OL and OW tasks in the blind groups. The responses were generally uniform, with single peaks even in the NS group during the OL and OW tasks. The appearance of biphasic responses during the OL task resulted from variant responses in a few blind participants.
Cuneus and middle/superior occipital gyri (SOG and MOG), V3/V3a
Extrastriate visual areas superior to the calcarine sulcus were bilaterally activated during OL and OW tasks in blind participants. Significant group differences in the ANOVA were located in the cuneus, SOG, and superior MOG, areas that have been defined as V3 and V3a in sighted people (Fig. 4A , Y ϭ -95; 4J). This part of cortex primarily corresponds to the parafoveal-peripheral (4 -90°) eccentricity bands for V3 on the left and foveal-parafoveal (0 -12°) bands on the right and bilaterally for V3a (Fig.  4J,K ). EB and LB had time courses that differed significantly from those in NS during all tasks in the identified parts of V3/V3a (Table II) . For V3 and V3a, Figure 5 illustrates, especially during the OL and OW tasks, that these response differences were due to greater positive BOLD responses in both blind groups compared to slightly negative late responses in the NS group. Similar group differences were found during the BL task despite generally smaller responses. The appearance of biphasic responses during the OL task resulted from variant responses in a few blind participants.
Lingual and posterior fusiform gyri, VP, V4v
The ANOVA indicated significant group differences across the inferior surface of occipital cortex (Fig. 4D-G) ; the extrastriate lower tier visual areas located inferior to the calcarine sulcus have been defined as VP and V4v in sighted people (Fig. 4J) . The identified cortex occupied more of the parafoveal-peripheral eccentricity bands on the left and peripheral eccentricity band on the right (Fig. 4J,K) . Bilaterally, responses in VP and V4v showed significantly different positive BOLD responses in EB and LB during all tasks compared to slight negative responses in NS (Fig. 5 , VP, V4v; Table II ).
Figure 4.
Distribution of multiple comparison corrected z-scores of significant F-ratios for the ANOVA time-by-group factor are shown on selected coronal sections (A-I) and surface-based reconstruction of the occipito-temporal cortex (J). Scale for P-values of z-scores shows range for images illustrated in A-J. Surface anatomy created using a population-average landmark-linked and surface-based atlas [PALS; Van Essen, 2005] . J: Projection of borders onto PALS and labeling of visual areas are from prior identifications in sighted people [Hadjikhani et al., 1998; Van Essen, 2004] . K: Projection of eccentricity bands for lower tier visual areas onto PALS. Color scale in concentric circles shows different degrees of eccentricity. Foveal to peripheral eccentricity bands in the surface-based reconstruction align from the bottom to the top in dorsal visual areas and from the top to the bottom in ventral visual areas. In the volume images (A-I), foveal to peripheral ordering of eccentricity bands occupies, respectively, posterior to anterior Talairach atlas coordinates. In addition, object selective regions in ventral and dorsal occipito-temporal cortex (VOT and DOT) were projected onto PALS using spheres centered on previously reported centers-of-mass coordinates . The color scale shown by boxes indicates regions activated when viewing different objects. Hasson et al. proposed for sighted people a hypothetical scheme for foveal/central gaze, parafoveal, and peripheral eccentricity bands related, respectively, to face, object, and scene activated regions . Brodmann area, BA; dorsal and ventral occipito-temporal cortex, DOT and VOT; lateral occipital complex, LOC; medial temporal area, MT; dorsal and ventral primary visual areas, V1d, V1v; dorsal and ventral second visual areas, V2d, V2v; third visual areas, V3, V3a; ventral fourth visual area, V4v; ventral posterior visual area, VP; seventh visual area, V7; eighth visual area, V8. 
Trans-occipital sulcus, V7
The ANOVA indicated significant group differences in cortex that mostly straddled the trans-occipital sulcus between SOG and MOG, an area that partly involves cortex defined as V7 in sighted people (Fig. 4B,C, Y ϭ -89, -85 ). Positive BOLD responses during the BL and OL in EB differed significantly from negative responses in NS bilaterally (Fig. 5, V7 , and Table II) . Similar response differences were found between LB and NS bilaterally during BL and OW tasks and on the right during the OL task (Fig. 5, V7 , and Table II ).
Dorsal and Ventral Occipito-Temporal Cortex (DOT and VOT)
The cortex defined as DOT by Hasson et al. [2002 , Hasson et al. 2003 (Fig. 4K) includes defined visual areas LOC and V5/MTϩ and adjoining nonvisuotopic parts of BA 19. The cortex defined as VOT contains parts of visual area V8 and posterior BA 37 and 20 where these areas adjoin anteriorly to visuotopic visual areas [Van Essen, 2004] .
MOG, LOC
The ANOVA indicated significant group differences within MOG bilaterally (Fig. 4C,D) , an area that has been defined as LOC in sighted people (Fig. 4J ). The identified cortex was similar bilaterally and occupied most of the defined LOC area (Table II, Fig. 4J ). LOC bilaterally showed significantly different positive BOLD responses in both blind groups compared to slight negative responses in NS during all tasks (Fig. 5 , LOC, and Table II) .
Posterior inferior temporal sulcus (0pITS)/ascending limb of ITS, V5/MT؉
Significant bilateral group differences were found anterior and slightly inferior to LOC and at the junction with pITS (Fig. 4D,E) . This area has been defined as V5/MTϩ in sighted people (Fig. 4J) [Dumoulin et al., 2000] . On the left all groups showed positive BOLD responses during all tasks, but on the right only the blind participants had positive responses for all tasks with larger magnitudes during OL and OW tasks compared to those in NS (Fig. 5, V5 / MTϩ). On the left only the larger responses in EB differed significantly from those in NS; on the right positive responses from EB and LB differed from negative responses in NS for all tasks (Fig. 5, V5 /MTϩ, Table II ).
Fusiform gyrus (FG), V8
The ANOVA indicated significant group differences in the posterior FG (Fig. 4C,D) , an area that has been defined as V8 in sighted people (Fig. 4J) . Bilaterally, responses in V8 of EB and LB showed significantly different positive BOLD responses during all tasks compared to slight negative responses in NS (Fig. 5, V8 , and Table II) .
Anterior fusiform gyrus, BA 37 and BA 20
The ANOVA maps for group differences indicated bilateral regions in anterior and medial fusiform gyri (Fig. 4E-I ) and an adjoining region in the right lateral fusiform gyrus (Fig. 4J) , cortex in posterior BA 37 and 20 that has been identified as nonvisuotopic visual areas [Van Essen, 2004] . No significant group differences were noted in a left lateral fusiform gyrus region. Sighted and blind participants showed positive BOLD responses bilaterally in BA 37 (Fig. 5,  BA 37) . The MANOVA indicated that responses in EB differed significantly from those in NS during both letter tasks (Table II) . Responses in LB and NS did not differ (Fig. 5 , BA 37, and Table II ). The MANOVA results for BA 20 were similar to those for BA 37 (Table II) .
Visual Areas: Early vs. Late Blind
The responses in EB differed significantly from those in LB in several left visual areas (Table II , V2v, V3, V3a, V7, VP, V4v, and LOC) and a smaller number of right areas (Table II , V2d, V3, BA 37). EB showed larger positive responses compared to those in LB in nearly all of these areas (Fig. 5) .
Superior Temporal Cortex
BA 22
The ANOVA map indicated group differences in bilateral superior temporal sulcus/gyrus regions (Fig. 6A,B) , an area that has been defined as part of BA 22. The left hemisphere contained a single region where all groups showed positive BOLD responses during the OL and OW tasks (Fig. 6C ). There were no responses during the BL task in any group. The right hemisphere had three anterior to posterior foci (Fig. 6B shows the anterior and posterior foci). Positive responses for the two most posterior regions were found in all groups (Fig. 6C ), while only EB had positive responses in the most anterior region for OL and OW tasks (Fig. 6D) . The EB responses differed significantly from NS and LB during the OL and OW tasks in nearly all of these regions (Table III) . The responses in LB and NS were similar in these same regions (Fig. 6C,D , Table III ). These MANOVA findings likely reflected larger and earlier response peaks during, especially the OL task, for EB compared to the responses in LB and NS (Fig.  6C,D) .
Frontal Cortex (Language Areas)
Group differences in responses were located bilaterally in the inferior and middle frontal gyri, an area defined as part of BA 44, 46, and 47 on the left and 44, 45, and 46 on the right (Fig. 6A,B) . Time course plots (Fig. 6E-H) show that a source of the ANOVA results was negative BOLD responses during the OL and OW in both groups of blind, but not sighted participants. However, sighted had slight positive BOLD responses in all but BA 47; these were more prominent during the OW task (Fig. 6 ). There were no responses during the BL task in any group. The MANOVA found that these differences were significant for all left hemisphere frontal regions when contrasting responses during the OL and OW tasks in blind compared to sighted participants (Table III) ; responses in right hemisphere regions also differed between EB and LB from NS during the OL task and for the OW task between EB and NS (Table III) .
Parietal Cortex
All groups showed similar bilateral distributions of positive BOLD responses in anterior and lateral parietal cortex and no significant voxels for the ANOVA time-by-group factor. Despite widespread activity across the postcentral gyrus (BA 3, 1), peak responses were located within the S1 finger representation. All groups also showed increased activity bilaterally in the parietal operculum (BA 43), adjoining inferior supramarginal gyrus (BA 40), parietal cortex medial to the intraparietal sulcus (BA 5), and in the superior aspect of the supramarginal gyrus (BA 7).
DISCUSSION
The present results provide an example of reorganized visual cortex that involves cross-modal activation to tactile stimulation in blind people. Prior studies describe similar cross-modal tactile activation in blind humans [Burton et al., 2004; Gizewski et al., 2003; Sadato et al., 1996 Sadato et al., , 1998 Sadato et al., , 2002 and animals [Kahn and Krubitzer, 2002; Newton et al., 2002] . We found that tactile processing of embossed letters for both sublexical language tasks evoked greater bilateral activation of visual cortex in early and late blind compared to sighted people.
Visual cortex reorganization in blindness entails crossmodal activation within visual areas previously identified in sighted people. Furthermore, as discussed below, the most probable zones of activation in early and late blind people involved certain eccentricity bands within several lower tier visual areas and anterior projections of these bands into ventral and dorsal occipito-temporal cortex. The utilization of existing visual cortex architecture in blind people is emphasized by evidence that the activated regions respect topographical domains, e.g., eccentricity bands.
Response Distributions in V1/V2
The posterior pole of occipital cortex (e.g., posterior V1/ V2) was activated in all groups, even in sighted participants. This activation involved regions in V1/V2 that in sighted people normally reflect visual stimulation within a central gaze or foveal eccentricity representation [Grill-Spector and Malach, 2004] . Finding that tactile stimulation activates a comparable part of V1/V2 in blind and sighted people was surprising. However, engaging these posterior V1/V2 regions by tactile stimulation even in sighted people has been noted previously during a vibrotactile discrimination task [Burton et al., 2004] . Cross-modal activation of visual cortex (including V1) in sighted people may not be unique because such activity to tactile and auditory stimulation has been described after short-term visual deprivation [PascualLeone and Hamilton, 2001] . These findings collectively suggest that nonvisual inputs may activate visual cortex through some latent pathway. The functional relevance of this pathway following visual deprivation people is proba- bly increased [Cohen et al., 1997; Hamilton et al., 2000; Pascual-Leone and Hamilton, 2001] .
Blind people also showed V1 activity during stimulation with a moving smooth surface, a tactile task (BL) that we instructed the subjects to ignore. The evoked responses during the BL task were smaller than those to the letters. Prior studies suggested that cross-modal activation of reorganized visual cortex requires attention [Gizewski et al., 2003; Kujala et al., 2005; Sadato et al., 1996] . Although improbable and contrary to the instructions, the early blind participants might have attended to the smooth surface and thereby evoked the observed responses.
Lower Tier Extrastriate Visual Areas
In reference to visual area identifications in sighted people [Grill-Spector and Malach, 2004; Van Essen, 2004] and projections of regional borders to an averaged anatomy template [Van Essen, 2005] , positive BOLD responses occurred in V2d, V3, and V3a superior to the calcarine sulcus, and VP and V4v inferior to the calcarine sulcus in early blind. The same areas were activated in late blind and suppressed in sighted participants. These responses suggest that in adapting to blindness, lower tier visual areas process tactile stimulation and that the potential for these cross-modal adaptations plausibly persist despite different ages of blindness onset.
The ANOVA map indicated that groups differed most within the parafoveal eccentricity band of lower tier visual areas. Responses in these regions were also generally larger and peaked earlier in EB compared to responses in LB. Parafoveal eccentricity band regions in sighted people are preferentially activated when distinguishing images of objects from textures despite varying views of the objects (e.g., altered sizes, shape distortions, colors, perspectives) [Hasson et al., , 2003 Levy et al., 2004] . Thus, in sighted people prior studies have shown that parafoveal eccentricity band regions exhibit a more global response to objects that is unaffected by changes in specific visual features. The question is what might be processed in an anatomically analogous region in blind people. Speculatively, activation of a comparable region in blind people might indicate holistic processing of the embossed letters irrespective of fine-grain tactile shape features. Finding that EB had larger responses in parafoveal eccentricity regions compared to LB might plausibly indicate that EB processed each felt letter as a single object irrespective of detailed tactile features. Skill at more holistic processing in tactile reading of Braille has been noted more frequently in EB [Millar, 1987 [Millar, , 1997 .
Higher Tier Visual Areas in Occipital Temporal Cortex
Group differences in the present results occurred in all VOT partitions previously identified in sighted people (i.e., V8 and BA 37/20 bilaterally). The V8 cortex involved the VOT partition (Fig. 4K ) that in sighted people responds selectively when viewing faces and objects (Fig. 4K) [Hasson et al., , 2003 Yovel and Kanwisher, 2004] . Viewing scenes preferentially activates the BA 37/20 cortex in sighted people [Levy et al., 2004] . Thus, no selectivity for a particular partition of VOT was found in blind people. However, group differences were based on larger positive BOLD responses in blind compared to sighted people, but positive BOLD responses in all groups possibly indicate that sighted and blind people might have utilized VOT similarly.
Prior studies suggested that letter identification in sighted people is a special case of object recognition [Flowers et al., 2004; Garrett et al., 2000; Polk et al., 2002; Puce et al., 1996; Tagamets et al., 2000] . The activation identified in these studies primarily was in left BA 37 in cortex that resides anterior to lower tier ventral visuotopic areas. In the present study, extensive commonality of activation across the groups in this more anterior temporal cortex lead to nearly complete absence of significant voxels bilaterally in the ANOVA map for group differences in much of BA 37. The only portion of BA 37 showing group differences was confined to a part of medial fusiform gyrus that was located just anterior to ventral visuotopic areas. In the left hemisphere this was posterior and medial (e.g., -31, -55, -14) to the regions previously identified with letter recognition tasks. Thus, the BA 37 region showing significantly larger BOLD responses in blind people did not coincide with the letter region of prior studies in sighted individuals. Despite these differences, the larger responses in VOT in blindness imply that the tactile processing of letters was enhanced in VOT. Unknown is whether these response enhancements might have contributed to the determination of "what" letter was touched in blind people. However, given prior reports of preferential activation for object viewing noted in these VOT regions in sighted people, the blind might plausibly have had enhanced processing of the tactile letters as objects.
In the present study, group differences were also noted in MTϩ and LOC. Except for left MTϩ, group differences noted in MTϩ and LOC activity was suppressed in sighted and manifested in blind people. Prior studies of these regions in sighted people have shown selective activation to visual images of faces and objects compared to textured surfaces [Hasson et al., , 2003 Yovel and Kanwisher, 2004] . Hasson et al. also identified selective activation to viewing images of scenes in adjoining parts of nonvisuotopic BA 19. These authors collectively included these face, object, and scene partitions in a dorsal occipito-temporal cortex (DOT) that had a mirror symmetrical pattern of object representation to that noted in VOT. DOT regions have also been suggested to be part of a "where is it" pathway for object recognition Ungerleider and Haxby, 1994] . Unknown is whether the observed activity in blind people in similar DOT regions (e.g., MTϩ and LOC) can be related to the object image selectivity functions proposed for these same regions in sighted people. Speculatively, the DOT activity in blind people might have reflected the focal localization of object critical tactile inputs on a single fingertip. Assessing this hypothesis, however, will require experiments in blind people that involve contrasting 
Responses in Frontal and Temporal Cortex
Results showing group differences in frontal and temporal cortex possibly suggest that adaptive plasticity in blindness includes reorganization in nonvisual cortical areas. In nonvisual areas this plasticity might be reflected in the temporal dynamics of neuronal activity, which in the present study might have contributed to the earlier onset times to peak BOLD responses detected in temporal cortex and negative BOLD responses in frontal cortex. The present results, however, cannot indicate whether enhanced performance, e.g., reaction time, noted especially in early blind people when identifying tactile letters, was causally related to the group differences in these nonvisual areas and/or to the presence of cross-modal activity in visual cortex.
Frontal cortex language areas
Prior studies in sighted people have shown that semantic and phonological language tasks increase activity in left inferior frontal regions corresponding to BA 44 -47 in inferior and middle frontal gyri [Binder et al., 1997; Bookheimer, 2002; Demonet et al., 1992; Fiez, 1997; Fiez and Petersen, 1998; Gabrieli et al., 1998; McDermott et al., 2003; Paulesu et al., 1997; Petersen et al., 1989; Poldrack et al., 1999; Price, 2000; Roskies et al., 2001; Thompson-Schill et al., 1997] . In blind people, tactile encoding of letters led to large negative BOLD responses in these frontal cortex regions, which suggests suppression of lexical and sublexical processing when attending to tactile features associated with orthographic processing of block capital letters. In contrast, sighted showed small positive responses in BA 44 -46, especially during the word task. The latter required accurate spelling of the generated word in order to know whether the selected word contained the identified letter. Thus, both tasks probably involved orthographic processing. The results in sighted people confirm prior findings that left frontal regions respond when viewing words, pseudowords, letter strings, or false-fonts, i.e., processes associated with general orthographic encoding [Tagamets et al., 2000] . Not all tasks that require attention to tactile stimulation suppress frontal language areas because flat responses were previously seen in these same language areas when blind people attended to vibrotactile stimulation that had no verbal components [Burton et al., 2004 ]. Yet, when reading Braille in conjunction with a semantic verb generation task, blind people activated left inferior frontal language areas to the same extent as predicted from studies with visually read nouns and verb generation in sighted people [Burton et al., 2002a] . The present findings might plausibly indicate an explicit suppression of frontal cortex language processes as an aid to discerning the embossed letters.
Temporal cortex
Visual and auditory activation of superior temporal sulcal (STS) cortex has been noted [Beauchamp et al., 2004a,b] . The present findings suggest that these multisensory properties include activation during tactile identification of letters. Prior reports hypothesized that multisensory STS regions integrate polysensory information associated with behaviorally relevant stimulation [Beauchamp et al., 2004a,b; Wright et al., 2003] . Beauchamp et al. [2004a] described a "patchy" distribution of activated foci for auditory, visual, and multisensory stimuli that extended ϳ2.5 cm along the length of left STS in single participants. We observed a similar length of three discrete foci in the time-by-group ANOVA in the right hemisphere that principally resulted from shorter latency and/or larger response peaks in early blind people. The ANOVA sites indicate foci where the groups responded differently to tactile inputs and are, therefore, not strictly comparable to foci activated by auditory and visual stimulation.
A developmental model proposed for cortical multisensory organization suggests that "auditory and visual inputs arrive in the STS-MS in separate patches, followed by integration in the intervening cortex" [Beauchamp et al., 2004a [Beauchamp et al., , p. 1192 . Several issues plausibly make this model relevant to group differences during tactile identification of letters. Integration of visual inputs into multisensory patches is impossible in EB completely blind from birth but presumably occurred in LB prior to blindness. Given that all groups showed overlapping locations for responses to tactile inputs in most of STS, it is probable that some multisensory patches similarly integrate tactile information. However, because LB experienced sight, their multisensory areas were probably formed with integration of auditory, visual, and tactile information, which is why the activation pattern in these people resembles that obtained in sighted individuals. In EB, multisensory patches might only integrate tactile and auditory stimuli. In addition, EB may have a greater number of isolated tactile patches. These differences and a selectively activated focus in right anterior STS possibly underlie the BOLD responses in EB, with earlier elevations or peaks in foci where all groups showed positive BOLD responses. These distinctions indicate altered response dynamics for EB, which possibly reflects different utilization of tactile and/or multisensory "patches" in circumstances where there never was any visual input. Finding that EB identified letters faster might be a consequence of such earlier latency BOLD responses.
